rhodium | pentamethylcyclopentadienyl | catalysis | proton reduction | hydrogen evolution S ustainable and economically competitive production of hydrogen (H 2 ) as a fuel depends on the development of new molecules and materials that catalyze conversion of protons and electrons into H 2 with high rates and minimal energy input (1) . Platinum fulfills these latter requirements but fails the economic test. Rational design of new catalysts that overcome these challenges hinges on a detailed understanding of the elementary chemical reaction steps involved in H-H bond formation (2) . Notably, catalysis with a molecular cobalt complex, a [BF 2 ]-bridged cobaloxime, has been shown by kinetics and modeling to proceed by protonation of a Co II -H complex to yield H 2 (3). However, most intermediates in H 2 evolution elude detection, limiting insight into the bond-breaking and -making processes involved in catalysis (4) . In recent work, we have descended to the second row of group 9 in the periodic table to enable observation and isolation of catalytic intermediates.
We report here on our investigations of [Cp*Rh
(Cp*, η 5 -pentamethylcyclopentadienyl) complexes that evolve hydrogen catalytically on reduction. In early work, Kölle and Grätzel (5) found that H 2 is evolved on reduction at pH < 2 in an aqueous photochemical system, and Deronzier and coworkers (6) observed electrochemical H 2 evolution at pH 1. Of interest here is our finding that H 2 is evolved electrochemically in acetonitrile solutions of
2+ with tosic acid serving as the proton source (7). The η 5 -Cp* ligand imparts high stability and solubility to these catalysts (8) . Not surprisingly, then, they have been used widely for catalysis of redox transformations, including reduction of NAD + to NADH (9-11), dehydrogenation of formic acid or alcohols (12, 13) , and hydrogenation of organic compounds (14) . In these reactions, Rh III -H is believed to be a reactive intermediate (15) . Hydrogen evolution catalysts have been discovered recently in which the metal center and associated ligands cooperate in unexpected ways. A case in point features ligand-centered protonation and subsequent hydride-like reactivity of a nascent C-H bond in a nickel phlorin system (16) , although a nickel hydride was not implicated in the cycle for hydrogen evolution. In other work of note, Hull et al. (17) reported dehydrogenation of HCO 2 H promoted by proton-responsive hydroxybipyridine-ligated catalysts, and Lacy et al. (18) showed that ligand-centered protonation of a cobalt complex could lead to hydrogen evolution.
Much work has been done on Cp*Rh compounds. Of importance is that Maitlis and coworkers (19) reported Cp*Rh(Cp*H) formation in low yield (14%) by reduction of [(Cp*) 2 Rh](PF 6 ). In other relevant work, Jones et al. (20) showed that the dihydride complex Cp*Rh(PMe 3 )(H) 2 loses free Cp*H on treatment with excess PMe 3 at elevated temperature. Also, several other rhodium and iron complexes with Cp*H ligands are known (21) (22) (23) (24) (25) .
Building on these earlier investigations, we report here an unusual mode of metal-ligand cooperation that drives proton-hydride tautomerization during hydrogen evolution. We have found that η 4 -Cp*H is produced en route to H 2 production with Cp*Rh(diimine) complexes, suggesting an important role for ligand participation in hydrogen evolution catalysis.
Results
The preparation, isolation, and crystallographic characterization of Cp*Rh Fig. 1) ] . We find that the preferred site of Cp*Rh(bpy) protonation is not the metal center but is the Cp* ligand. Despite the reputation of Cp* as a stable ligand in organometallic chemistry, these results suggest an important role for close metal-ligand cooperation in promoting hydrogen-evolution catalysis.
from purple to reddish brown but no gas evolution, consistent with formation of compound 3 ( Allowing a concentrated acetonitrile solution of 3 to stand for several days yielded orange-yellow single crystals suitable for X-ray diffraction (the structure that we obtained is shown in Fig. 2) . The geometry at the Rh I center is distorted square pyramidal, with a mirror plane containing the Rh1-Br1 bond bisecting the molecule. ) assigned to metal-to-ligand charge-transfer (MLCT) transitions (27, 32) dominate the spectrum of 1, accounting for its purple color. Conversely, the spectrum of 3 displays intense bands (e ∼ 20-30
) across the UV region with weaker absorption tailing into the visible (e ∼ 1.7 × 10 3 M -1 cm -1 at 507 nm), producing a reddish brown solution. The UV absorption in 3 is attributable to both intraligand and MLCT transitions. The observed blue shift of MLCT absorption bands is consistent with a positive shift of the rhodium(II/I) formal potential on shifting coordination from the electron-donating [η Fig. 3A shows calculated free energies for these structures and the overall H 2 evolution thermodynamics (values in braces are those calculated by DFT). ‡ The upper pathway features protonation of 1 by triethylammonium to form 4, which is exergonic by ∼1 kcal/mol, whereas formation of the Rh . The difference between 4 and 4H is still 6.9 kcal/mol, but the stronger acid increases the free energy released on formation of 4 from 1 to 17.1 kcal/mol. In accordance with experiment, this pathway leads to exergonic evolution of H 2 . The free energy changes for the overall reactions are shown in the last column, and they are determined from the experimental Rh + is a spontaneous process. The frontier molecular orbitals for 1, 4H, and 4 are shown in Fig.  3B . The ground-state highest occupied molecular orbital (HOMO) of 1 is delocalized onto the ligands (Fig. 3B) , consistent with the X-ray structure, suggesting significant back donation of electron density from the Rh I center. On protonation to form 4, the HOMO shifts to a primarily Rh I -centered dz 2 orbital stabilized by the newly formed π-accepting [Cp*H] ligand.
Discussion
Based on our experimental data and computational studies, we postulate that reaction of 1 with protic acids initially produces 4H, which then rearranges to the more stable 4. Miller and coworkers (36) Two plausible pathways can be envisioned for hydrogen evolution from 4 (Fig. 4) . Transient reformation of the monohydride Cp*Rh III -H (A in Fig. 4 ) could be followed by protonation at the metal center to produce an Rh at 238 K (24). Our isolation and characterization of 4, however, raise the possibility of an alternative pathway (B in Fig. 4) ) leads to rapid H 2 generation. The intramolecular reductive elimination mechanism is analogous to pathways proposed to be operative in other highly active H 2 evolution catalysts; the search for experimental evidence for these pathways remains an active area of investigation (38) (39) (40) .
In our case, [Cp*H] does not dissociate from the metal center, and quantitative H 2 evolution proceeds from the reduced complex (21). Importantly, η (48), especially those cases involving ligand dearomatization-aromatization processes in pincer-type systems (49). Milstein and coworkers (50) have observed proton transfer to and from a pincer arm in an Ru-H complex, resulting in aromatization-dearomatization of a pyridine core on the ligand. Additionally, in a related example, an Ir complex was suggested to react with D 2 through initial dearomatization of a pincer ligand (51) . It follows that the specific organic acid-base used with the complexes described here could affect the energetics and preference of the reaction channel through hydrogen-bonding interactions. In the case of 4, proton transfer from [Cp*H] to form H 2 would result in aromatization of the [Cp*]; this energetically favorable process lowers the barrier to H-H bond formation.
Hydrogen evolution catalysts must assemble two electrons and two protons into an H 2 molecule. The order in which these four particles are delivered to the catalyst impacts the speed and energetics of the transformation. In the case of [Cp*Rh
catalysts, the sequence is e -+ e -+ H + + H + . Owing to the instability of the Rh II oxidation state, the second electron is delivered at a more positive potential than the first electron. The energetics of subsequent proton delivery, however, follow the usual trend, wherein the first proton can be delivered by a relatively weak acid, but a stronger acid is required to deliver the second proton. After the second proton has been delivered to 4 or 4H, the complex is poised to facilitate H-H bond formation followed by H 2 dissociation. Our findings provide key insight into the design elements required for a catalyst that avoids deep wells and high barriers in 2e -+ 2H + hydrogen evolution.
Materials and Methods
All manipulations were carried out in a dry N 2 -filled glovebox (Vacuum Atmospheres Co.) or under N 2 atmosphere using standard Schlenk techniques unless otherwise noted. All solvents were of commercial grade and dried over activated alumina using a J. C. Meyer Solvent Purification System before use. All chemicals were from major commercial suppliers and used as received without additional purification. Cp*Rh(bpy) and Cp*Rh(phen) were synthesized according to the literature method using Na(Hg) 27 . H} NMR, and electronic absorption spectroscopy were used to confirm clean conversion of the rhodium starting materials. In one case (3), crystals suitable for X-ray diffraction were obtained as described below. Peak multiplicities for the NMR spectra are listed, where d is doublet, q is quartet, s is singlet, dd is doublet of doublets, td is triplet of doublets, t is triplet, and ddd is doublet of doublet of doublets.
X-Ray Crystallography. Low-temperature diffraction data (ϕ-and ω-scans) were collected on a Bruker AXS D8 VENTURE KAPPA Diffractometer coupled to a PHOTON 100 CMOS Detector with Mo K α radiation (λ = 0.71073 Å) from an IμS Microsource for the structure of compound 3. The structure was solved by direct methods using SHELXS (55) and refined against F 2 on all data by fullmatrix least squares with SHELXL-2014 (56) using established refinement techniques (57) . All nonhydrogen atoms were refined anisotropically. Unless otherwise noted, all hydrogen atoms were included in the model at geometrically calculated positions and refined using a riding model. The isotropic displacement parameters of all hydrogen atoms were fixed to 1.2 times the U value of the atoms to which they are linked (1.5 times for methyl groups).
Compound 3 crystallizes in the orthorhombic space group Pnma with one-half a molecule in the asymmetric unit along with one-half a molecule of acetonitrile. The coordinates for the hydrogen atom bound to C1 were located in the difference Fourier synthesis and refined semifreely with the help of a restraint on the C-H distance [0.98(4) Å].
Cambridge Crystallographic Data Centre accession number 1424707 contains the supplementary crystallographic data for compound 3. These data can be obtained free of charge at https://summary.ccdc.cam.ac.uk/structure-summaryform or from the Cambridge Crystallographic Data Centre.
GC.
Gas analysis for determination of hydrogen evolution on acid addition was performed with an Agilent 7890A Gas Chromatograph with separate columns for analyses of hydrogen gas and nitrogen, oxygen, carbon dioxide, carbon monoxide, hydrogen disulfide, methane, ethane, ethylene, and ethyne. The instrument was calibrated with a standard gas mixture to obtain quantitative data.
For the hydrogen detection experiment, 50 mg 1 or 2 were loaded into an N 2 -purged Schlenk flask and dissolved in MeCN. A background experiment before addition of acid confirmed only nitrogen and minimal oxygen in the glovebox atmosphere. Samples of headspace gas were taken after progressive additions of 1 eq [Et 3 Computational Details. Geometry, frequency, and solvation calculations were performed with the B3LYP functional (58, 59) with 6-31G** basis set on organics (60, 61) . Rh was treated with the Los Alamos Small Core Potential and 2-ζ Basis Set (62). Single-point energy calculations were completed with the M06 functional (63) with the 6-311G**++ basis on organics. Rh was treated with the 3-ζ LACV3P**++ basis set augmented with f and diffuse functions (64) . Solvation in acetonitrile was applied using the Poisson Boltzmann polarizable continuum model with a dielectric constant and probe radius of 37.5 and 2.19 Å, respectively. To calculate the free energy of acetonitrile, 1-atm ideal gas free energy was calculated, and the empirical energy of vaporization, 1.27 (66) . Using this method, the pK a of triethylammonium in acetonitrile was calculated as 17.8 , which compares well with the experimentally measured value of 18.8 . To obtain a correct pK a of dimethylformamide in acetonitrile, the van der Waals radii of the acidic proton and basic oxygen were changed to 1.15 and 2.00 Å, respectively. Use of these values, which were published previously (67), produced a calculated pK a of 5.9 , which again compares well with the experimentally measured value of 6.1. In calculations involving the Rh complexes, the acid complexes themselves were used rather than the energy of the free proton. Calculations were completed in Jaguar (68); similarly calculated systems have shown good agreement with experiment (69, 70) . In addition, calculated structures were in good agreement with the crystal structures for 1 and 3, with errors in the Rh-N bond length of ∼0.05 Å and the C-C bond lengths of ∼0.01 Å. 
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